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A STUDY OF THE ROTOR WAKE IN NAP-OF-THE-EARTH 325

He Chengjlian and 3ao Zheng

(Nanjing Aeronatuical Institute)




SUMMARY This article does research into the primary aerodynamic
problem with nap-of-the-earth flying-the ground vortex phenomenon.
Through an analysis of rotor wake close to the ground, we have set up
models, formulas, and methods for the calculation of its height off
the ground, its longitudinal position, and its strength. Moreover, we
have used these to calculate an induced speed distribution at the
rotor disc. When we compared the results of calculations and
experimental values, we arrived at relatively good agreement.

Table of Symbols

B rotor tip loss coefficient

d. ceguivalent rotor width at the rotor disc
R rotor radius (m)
Re maximum vortex radius of ground vortex system (m)
r. rotor tip degree of vorticality
() nondimensional coordinate parameters such as a=h/R, 7=7,/Qk
C: rotor tensile coefficient ‘

/i circulation distribution coefficient for ground vortex system

R, radius of the wake at a certain point on the ground (m)

S, ~omparative intercept area of rotor wake before and after

~~_  i-.on with the ground

R rotor angular velocity (1/s)
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I. Introduction

We had done research early on concerning the ground effects of
helicopter rotors. In the past, nap-of-the-earth flying for
helicopters had been confined only to the short term phase of taking
off and land‘ng. Research on ground effects had been primarily
concentrated on the aspects of rotor tensile strength and the power
required.

In recent years, due to the requirement for the use of
nap-of-the-earth flying by military helicopters in combat zones, there
has been renewed interest in rotor ground effect problems in
helicopter technology circles [1]. Continuous flight close to the
earth at low speeds causes helicopters to be placed in a special
aerodynamic environment and produces a series of new problems. Among
these one finds involved, during periods of nap-of-the-earth flignht,
helicopter equilibrium, handling characteristics, flight capabilities,
and interference from surrounding flow fields, as well as a number of
other similar helicopter aerodynamic problems.

Rotor wake research is the foundation of the aerodynamics of
helicopter nap-of-~-the-earth flight. 7Tt is only when one can set up a
rotor wake model which is objective and realistic that it is then
possible to realistically predict the aerodynamic characteristics of
nap-of-the-earth flight.

In ciassical rotor ground effect theoretical research 2], the
rotor wake is taken as fixed in order to describe the vortical system
model. Msaking use of the projected image method to solve for the
ground effect induction coefficient, it is possible to make
reasonably good predictions of rotor capabilities in hover and during
forward flight at relatively high speeds. However, application of
this technique is limited in the low speed ranges encountered during
nap-of-the-earth flight. The reason for this is that no account is
taken of the relatively large wake deformation and surface vortical
phenomenz at such times. During the last few decades, people have
achieved a very rich research understanding of the rotor aerodynamics
of nap-of-the-earth flight. This is particularly true of the research
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work done by the Boeing-Ford Helicopter Company (3) and Princeton
Univerity (4,5). This work makes a systematic discussion of ground
vortical phenomena, and, from experimentation, presents their
processes of occurrence, development, and disappearance. Princeton
University also measured and recorded the rules governing changes in
the locations of rotor flow fields and ground vortices during
nap-of-the-earth flight. This is precious information for wake 326
research. Reference [5] carried out theoretical research into rotor
wakes, ground vortices, and mutual interference with the ground

surface. It achieved relatively good results. Their work delved

deeply into research concerning rotor aerodynamics during
nap-of-the-earth flight and 1laid a valuable foundation.

In order to be able to carry out predictions of the aerodynamic
characteristics of rotors during nap-of-the-earth flight, it is
necessary to solve a key problem which is the calculation of the
position and strength of ground vortices. The research which previous
people have done has still not provided a method which is practically
feasible and theoretically complete. This article presents a method
for calculating the strength and position of ground vortices and rotor
wakes as well as induced velocities. Because of this method, the
calculated results and the experimentally measured data from Princeton
University (5) mutually agree.

II1. Surface Vortices

In recent decades, research from outside China has pointed out
the phenomenon of ground vortices which appears particularly in
nap-of-the-earth~flight. Fxperimentation [4] discovered that, from the
appearance to the disappearance of ground vortices, the corres;onaing
rate of rotor advance lay in a very narrow range from Bw=0.02 to
0.05. At this time, the induced velocity distribution at the rotor
blade disc changes abruptly (Fig. 1). It creates a deformation in the
rotor aerodynamic characteristics. 1Its pitching moment follows

changes in yu as shown in Fig. 2.
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Fig. 1 The Relationship Between the Axial Component of the Rotor Disc
Induced Velocity ,, and Its Corresponding Radial Position s=e/p

[5]

Fig. 2 Curve Describing Changes in the Pitching Moment In Terws of
the Rate of Advance * [7]1( e xate of Slope of the Lift Curve, o Degree
of Rotor Reality) 3. Influence of the Ground Vortex

The ground vortices are an accumulation, in the vicinity of the
ground surface, of the rotor wake vortex (principally the rotor tip
vortex) under the triple mutual influences of downward rotor wash
flow, the oncoming flow encountering the flight and the ground
surface. The rotor wake, due to the blocking effect of the ground
surface, reduces speed and finally turns in the direction of the flow.
It is dispersed along the ground surface in all directions. 1If the
speed of forward flight is very low, the forward section of the rotor
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wake flow still has a relatively large horizontal forward velocity
along the ground. Because of the continuity of the flow movement, the
wake flow disperses and reduces speed. At a certain point in the
forward area, it mates with the corresponding wind. The supported
wake vortices, then, accumulate at this spot forming the ground
vortex. This vortex has an obvious effect on the surrounding flow
fields and the aerodynamic characteristics of rotors.

1. Ground Vortex Vertical Position G,

Since ground vortices are the result of the mutual effects of the
three factors of rotor wake flow, oncoming flight flows and the ground
surface, the position of ground vortices can be solved on the :he
basis of the principle of the superposition of movements.

After rotor wake flow collides with the ground, it assumes the
forward wake flow movement of the wake vortex and reverses direction
in terms of the oncoming flight flow. The horizontal velocity of gas
flow close to the ground is taken from the superposition of the two.
At the point where their flow speeds are the same (their combined
speed is zero), the wake flow turns over and upward forming the ground 52
vortex. The vertical position of this vortex can be solved for using
the classical vortex system.

If we take the rotor coordinate system as our reference system
(Fig. 3), the vertical speed of the surface flow is

In this equation, ¥ is speed of flight. v,, is the rotor wake
vortex and its horizontal induced velocity as projected on the
vertical plane of symmetry rising from the ground surface. On the
basis of classical rotor vortex flow theory [6] and projection
methods, one has




v"___g 2= dr [ cosf( R,cosx—h)  cosficosX ]de

In this equation %5’ is the amount of circulation for a unit length

along the direction of the center line of the vortex

R,= v R+ G+ A"+ 2RG .c08b

B,=(G.+ Rcosd)sinX — hcosX
Ryy= v R+ (G, +htgX ) +2R(G. + htgX )cosd
B, = (G.+ Roosf+ htgX )sinX

At the place where the ground vortex is formed one should have V,=0,

that is,

V=0 (3)

This equation determines the vertical position G« of the ground
vortex. At this point, it is necessary to point out that the wakes in
the various equations above must be used with correction values for

the angle of incline X of the vortical core.
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Fig. 3 Rotor Coordinate System 1. Ground Vortex
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Fig. 4 Curve Expressing Changes in the Vertical Position ¢, of the

Ground Vortex as a Function of * ( (n is the Overall Distance) 32

G, is an important parameter describing ground vortices. Fig. 4
presents changes in G.as a function of the rate of forward rotor
movement. In all situations, G, is always a monotonic reduction
function of #;. The diagrams show the effect of the overall distance 8.,
on the position of the ground vortex. The larger the overall
distance is, the greater are the momentum and the kinetic energy of
the downward wash. The ground vortex then appears in a place even
farther to the front of the rotor.

Although, when we solved for the vertical position G. of the
ground vortex, we did not consider the influence of the ground vortex
itself, it is true, however, that classical vortical systems already
calculate in that portion of the near ground wake which goes to form
the ground vortex. Because of this, we get a certain compensating
factor. From a comparison of the calculated values presented in Fig.

5 and experimentally measured values, we can see that the degree of
agrezment between the two is quite satisfactory.
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Fig. 5 A Comparison Between Values Calculated for € on the Basis of
the Methods of This Article and Experimental Values 1. Experimental
Values 2. Calculated Values

(8) 0p.95=10"5 (5)0p.9=12",

2. The Height Off the Ground G» of Ground Vortices

According to what we see in Fig. 6, the rotor wzxe flow flows
down at an angle toward the ground at velocity ¥, . 1In order to
simplify this, let us assume that, after the wake flow contacts the
ground, it divides into two longitudinal flow movements along the
ground. The thickness of the forward branch is Gw . The thickness
of the rearward branch is ks .  When we pay attention to applying the
principles of momentum and continuity equations, we make a three
dimensional correction to the wake flow. If we do not figure in the
ground friction force, it is possible to write an '¥,airection
momentum equation for the control body shown in tne diagram.
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. Fig. 6 Derivation of Momentum Equation for Control Body 1. Control

Body

P:—Pa -— -~ — d
?‘ = PQIRT G -(hsV:‘EAV:) _%""V:Sinx
2

(4)

'4; The continuity equation is

D (AR TNARLES (5)

!0y
10

e e N N v -
AALYS MRS R AR LI LRI FE NN AR TINE Jur RS S R
T Ry R B N A A T A L G S T
, ) p » ‘ (3

RN RS LA 4L SCARR TR ¢
RN R RMIAL AT ,ql.a LAV, M




If we make equations (4) and (5) simultaneous, and, we take into
consideration the energy losses which occur when the rotor wake

collides with the ground surface, we can go through mathematical
operations and obtain

—G-‘-“‘: L 3-.(1{.-!@“1,)____

n.[%( K:+sin*x)+K,sinx]

In this

m
3 B

.

K,- {S:ﬁ-s,[_z.(’i’i“_n._x_ "“’S'X-Zcoax(s__l)]} 173

SO- (B/ig)lv i‘-5l+it‘x

We should pay attention to the fact that the rotor blade tip

the thickness of the branch flow in the forward direction after the
wake flow contacts the ground here is then the height of the ground
vortex which we solve for. Fig. 7 shows a comparison of calculated

values and experimental values. The two agree.

‘ ...'.
[ o 0.46 10
a 0.8 10 }Gll L
'-'°+ ¢ 0.64 17
— #Au 2.

e
3
2
3

Fig. 7 A Comparison of Experimental Values and Values for 1Gs as
Calculated According to the Method of This Article 1. Expcriwental

Values 2. Calculated Values

vortex is only distributed on the wake flow surface. Because of this,
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2, jround Vortex strengt: [

Let us assume that the wake vortex which avolds the roter b.oale
“ip *akes the form of 4 vortizcal ring =2nd moves Jownward following tne
wak= fiow. At a plac= a certain distance above trr ground, 1t chuanges
2nd 13 only dispersed in a horizontal plane. Tne forward section of
the ro=o>r tip vortical ring moves s10wly duc to its windward position.
The r=ar se22%tidn moves s hign speed because it is moving with the
wind. In oraer to simplify calculations, take the wake whicn i3

snown oLo3e to the ground by the planar ring-shaped vortex of the
=y

(")
o
=
o+
ra
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ai*v 3distribution for the amount of circulation Fig.

o

133uxz= tnat its circulation distribution is
(P<R)

14120 b, | (R P <R

In t=:- Ir-VA/VO

This type of distribution reflects the principle of longitudinal
digtribution of the amount of circulation in close waxkes wnich says
that the front is large and the rear is small.

In Fig. 8, this type of planar vortex system, due 10 tne muluss
effects of vortex rings, has edges whicn are unstut.e, and wiii TFOuis
up. The forward peak of this vortex systemn is atl trne plale wnere lhe
oncoming flow of flight and the rotor wake come togetlner. Jnd=r
limits imposed by the ground boundary, tne wake 10w acCuliuiates atl
tnis point, turns upward and rolls to form a ground vortex.

The ground vortex, on the one hand, receives a continu-us
replenishment from the rotor tip vortex in ta= rotor down f.ow. n
the other hand, it dissipates its amount of vorticality to tne
gurroundings due to gas flow viscosity. Wwhen the processes of vortex
buiiding and dissipation reach a dynaxic eju..iorium, tner, trne
surface vortex is set up and maintained at a certalin strengtr.

Re~ause of this,
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R ar
Fe=/{, ‘4 dp
Jn de vy

The parame-.-t /¢ is oo =41 the surface vortex strength parameter. It

i

- .

expresses juantit-*1 ~" v vt~ de@ree of vortical confluence in the !

’11

waxe., The btig~r f, is the greater is the rotor wak- v r%.«
anmaleamation fora ..« a Joncentrated vurtex. Je= 0 i.o e 53q
critical valiue. {ne caun see that, at this point, it 18 not possirtle

for waxe vortices t>y unite to foruw ground vortexes.
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jrount

snotne tagsia ~f e condition that @round vortolres are 3tnt a7,

inorefere: o ¢ tne rotors: concerned, 1t 18 possibas o 3 Gve £oroogl

rceoriint to the principae of superpoeaition, the NOTLZONUH.

ve.r i*y au* the prsi*tion nf *¢ne grgunl vortex anould be Flig, =

VeV +o,40, +0
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In this Varr Ougys O, are respectively the components of
induced velocity =.ong the “x.axis caused 2t tnat point in the rotor
wake in response to changes in the vortical system and its projection,
the planar vortical system projie~+*ion, and the ground vortex
projection. Since tne ground vortex and tne rotor are stationary
relative to each other, then. Vemeo . Fromw this, it is possitic

to obtain the strength coefficient for tne ground vortex, whicn is,

eV 40,40,
e [ |
[ ] “‘ll.‘d" ‘1\.)/

in tris
1
Ia'-"T(Rl-k)d.((l‘/er¢+RM+qu
T'-D/P:’.-ﬂijl',;n
Wl--RM'
P,= R+ 4G
R.i=G.+(h=G,)rgx
— Gy vy = 18°
. / — —ciee Feo.n
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e
P
o0 .0 0.0 .5
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Fig. 9 presents the principles governing the average values of $3
the ratio betweer surface vortex strength na plade tip vortex
strengtn in response to changes in wu. . It also presents tne
influences of the height c¢f *he rotwur off the ground and its overall
distance. One can see that erourny vorticess exist oniy in a very
narrow range of values of -u . Moreover, when K pas a certain value,
thnere is a maximum value. Tne greater &k is or tue smaller fbun 1s,
the smaller is the peax value for ' (IJ/I.), . moreover, values ct H

which correspond to these peak values are also small. These
principles of change and the patterns of experimental observations
agree with each other. It would be reasonable to make an analysis of
this. Unfortunately, there are still no data from experimental
measurexents with which to make comparisons.

According to the position and strength of ground vortices as
pre=sented in this article, tne results from an application of free
vortical svstem methods to calculate rotor wake and the induced
veliocities caused by it in nap-of-the-earth flight demonstrate tnat
th= metnods in this article for calculating the strength and position
5% zround vortices can be applied to an anaulysis of the aerodynamic
characteristics of rotors.

At many places in tnis article, we have quoted the experimentally
measuresd data from reference ;51 in order to confirm the calculation
reauits in tnis article. DBecause ol trhis, we wish to give our special

thangks to Professor H.C. Curtiss, Jr. and Dr. Sun Mao.

REFERENCES

(1) RE, EAAmEe L. NHIB-1es?, BERESER. (1980),

(2) Heyws, H H , Theoretical Study of the Effect of Grouand Proximity os the Iaduced Efficiency
of Helwcopter Rotors NASA TM X-71061, May (1977).

(3. Sheridan, P F and Wicsner, W , Acrodynamics of Helicopter Flight near the Ground Paper
No 77 $3-94. Preseated at the 33rd Asaual Natioaal Forum of the American Helicopter Society,
Washington, D C , May (1977)

(¢) Curtias. HC Jr , Sus M , Putman, W F asd Hasker, E ] Jr , Rotor Aerodysamics in Gr-
ound Effect at Low Advaoce Ratios Preseated at the 37th Ansual Forum of the A H S . New
Orleacs, Lowiswmes, Mayc1081)

{8) Ses Mao, A Study of Helicopter Rutor Aerodysamics is Ground Effect st Low Speed Ph D.
Thesis. Dept of Mechasical ssd Aerospace Engineering, Princeton Usiversity, May(198))

(8 ZBA6. AASN A0AEe. BEIaX®, (1962,

(7) Hasker, B ) Jr . Experimestal lovestigation of the Ground Vortex Phesomenca in Helicopter
Fight neer the Gromad 1061 Midsast Rogwoma! Lichten Award Wismag Paper (AlLS). Jas
(198})




" )
e

[1] Gao Zheng; "Nap-Of-The-Earth-Flight in Helicopters," NHJB-1857,
Nanjing Aeronautical Institute, (/934D.

[6] Wwang Shicun; "Generalized Vortical Flow Theory for Lift Blades,"
Northwestern Industrial College, (1962)

A STUDY OF THE ROTOR WAKE IN NAP-OF-THE-EARTH

: He Chengjan and Gao Zheng

:: (Nanjing Aeronautical Institute)

3 Abstract

\ In this paper an investigation of the ground vortex,the significant

aerodynamic phenomenon in rotor aerodynamics on nap-of-the earth,is
curried out. Based on the analysis of the rotor wake near the ground,a
theoretical method, including the analytical model. the formulae and the
computer, program, has been established which can be used for calculation

(s of the ground vortex the longitudind position, the height above the
ground and its strength. By using a free wake model, with the ground
0 vortex taken into account, the distribution of induced inflow at the r otor
o disc is also calculated. All computational results are compared with avai-
;! lable experimental data and found in good agreement,
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b STUDY OF THE SEPAKATION CRITERION FOR STEADY 332
e 3-DIMENSIONAL VISCOUS FLOWS

Lu Zhiyong, Deng Xueying, and Liu Mouwji
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SUMMARY This article takes the topological principles of
singularity point theory as a starting point and explains the
existance of half saddle points on the cross section flow lines
perpendicular to the lines of separation and the cross section of the
object. It goes on to explain that the perception by such people as
Lighthill that extreme limit flow lines must raise up before the
separation flow lines is not reasonable. The reasonable way of
explaining the phenomena should be that the extreme limit flow lines
are always coincident with shear stress lines. It is only after
entering points of singularity that extreme limit flow lines finally
raise up and leave the surface of the object. Finally, this article
demonstrates that the simpleminded application of two~dimensional
separation criteria to three-dimensional separation situations is
inadequate. Moreover, it presents formulae to express
three-dimensional separation criteria.

Introduction

Following increases in the flight speed of aircraft missiles, in
order to appropriately respond to the requirement to raise the
lift-drag ratio for transonic and supersonic speeds, it is necessary
to select for use thin aircraft wings having large back sweeps and
small length to width ratios. The fuselage used is also relatively
long and thin in order to facilitate the lowering of wave drag as well
as trim drag. With thin wings and large angles of back sweep it is
very easy to create three dimensional separation. Besides this,
because of the fact that the capabilities of fighters and missiles

have increased without ceasing, it is often necessary, with even
larger windward angles, to carry out flight maneuvers, leading to

[ N

2

strong three-dimensional separation flows appearing on the back wind
surfaces of the aircraft. Because of this, research concerning

(g

three-dimensional separation has become a totally obligatory

requirement.
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Research into three-dimensional separation has only been done in
the last twenty or thirty years. However, at its earliest, it can be
traced back to 1948, when Sears, in an article on the "boundary layers
of drift cylinders" presented the concept of what he called extreme
limit flow lines. He recognized that adhering closely to the surface
of objects there were flow lines existing which were like a very thin
sleeve around the object. Beginning from the 1950's, corresponding to
the development of aircraft missiles at that time, problems of three
dimensional separation began to attract the serious attention of
people. E.C. Maskell, on the basis of extensive experiments with oil
flow, drew together the experimental results of other people at the
time and presented a general definition of three dimensional
separation (1). Such men as R. Legendre (1956) and M.J. Lighthill
(1963), basing themselves on flow line equations and shear stress line
equations, applied the qualitative theory of differential equations
and presented the singularity point topologic method of analysis.

On the basis of this point of view, the multivarious flow states on
walls were determined by nothing more than a limited point of
singularity from flow line equations or surface shear stress line
equations and the equations mutually interconnecting tnem. Tnese
points of singularity all had clear physical significance. According
to the rules of topology, two flow states which have different
configurations, if they have the same number of types of points of
singularity and connecting equations, are the same and the two flow
states are topologically equivalent. Because of this, utilization of
singularity point topological analysis makes it possible to interpret
the sigrificance of the appearance of points of singularity in flow
configurations, to analyze flow configurations, and to predict
possible new flow configurations [2].
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Peake, Tobak (2), Dallman (1980) (4) and K.C. Wang, in recent
years, have utilized the topological concept of points of singularity
to analyze many types of flow configurations on aircraft, forming one
important part of the contents of the qualitative research on
three-dimensional separation. Due to the introduction of topologiéal
points of similarity, the flow configuration analysis based on
experimental observations, which had been used in the past, developed
in the direction of the utilization of mathematical tools. Even to
the present day, the use of numerical value methods to solve for
three-dimensional separation flows is still extremely difficult.
Because of this, qualitative research is still a very improtant path
to be pursued. Through it, it is possible to understand the structure
of separation flows. It is also possible to make progress toward
vpresenting a simplified mathematical model to serve in numerical value
calculations. This article concentrates on the discussion of the form

333

and criteria of three-dimensional separation.

I. Two Different Types of Models in Research on Three-Dimensional
Separation

In order to understand the special points of three-dimensionszl
separation, we will first reconsider for a moment the situation in
two-dimensional steady state separation. Two-dimensional steady state
separation is a type of singularity point separation. The point of
separation is located at the intersection of flow lines, showing the
formation of half saddle points (Fig. 1). The wall surface flow lines
flow into the point of separation from two sides. After they flow
together, the flow lines and the wall surfaces form an open wall
surface with a certain included angle. According to the definition
for points of singularity, and, given the condition that tke normal
velocity near separation points is not zero, it is possible to derive

the separation criteria presented below [3,5]).
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%% normal to th. surface of the object. ¥ 1is the velocity component in
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0 direction x (PFig. 1).
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%%: As far as three-dimensional separation is concerned, there are
2,498,
- always two different points of view (models) in existence, that is,
SRR 1. The Maskell three-dimensional model Ll1]. In 1955, in his
kf: famous essay "Three-Dimensional Separation Flow," he first presented
a.ﬂ. the idea that separation lines are an envelope of extreme limit flow
= lines (Pig. 2). The extreme limit flow lines flow toward the
p hd separation lines from the two sides of the separation lines.
:‘2' Moreover, the same separation flow line cuts itself. After this, it
:5x leaves the surface of the object and forms a three-dimensional
‘ geparation flow surface (it is a one flow surface.) Separation
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surfaces come in two forms, three-dimensional separation gas bubbles
and free vortical surfaces (Fig. 3). The gas bubble-form separation

line normally connects saddle point-form points of singularity. At
points of singularity,ig—={g--o, This is

equivalent to the disappearance of shear stress, that is, Tt=7,=0,
On separation 1lines, besides this type of independent point of

singularity, they %;e all ordinary points. At the locations of
o
9z

time, that is, the shear stress cannot be zero. Therefore, at

ordinary points 9z and cann~t both be zero at the sanme
ordinary point locations, one has at least two extreme limit flow
lines mutually intersecting to form a peak point. The separation
lines are the tracks of this type of peak point.

Fig. 3 Two Different Types of Separation Forms (a) Gas Bubble (b)
Free Vortical Surface 1. Viscous Layer 2. Gas Bubble Surface 3.
Separation Line 4. Extreme Limit Flow Lines 5. Surface of Object 6.
Pree Vortical Surface 7. Flow Lines
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According to Maskell's definition of separation lines and
separation surfaces, it is possible to derive the fact that the cross
section flow lines on the cross section plane perpendicular to
separation lines and the object surface intersect each other at points
on the flow lines and cross sections to form semi-saddle points (Fig.
4). This is similar to the situation with two-dimensional separation.
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The cross section of extreme limit flow lines with the plane xoz
forms a point of singularity at point 9, . When there is separation,
it is necessary to have a normal velocity to leave the surface of <’ -
object. Because of this, equation (1) is satisfied at point ‘o,

Flow lines on the separation surface cut across separation lines.
They do not cut across the surface of the object. Because of this,
the separation surface forms an angle of a certain size with the
surface of the object.

Fig. 4 Maskell Separation Model and Cross Section Flow Lines y— -

Separation Line Dire=ction, 2. - Direction Normal to the Surface of
the O%njsct, =x- ~Positioned on the Surface of the Object Perpendicular
to 2.

Fig. 5 BSeparation Lines on Two-Dimensional Straight Aircraft Wings
and Sweptback Wings

Obviously, Maskell's concept of three-dimensional separation can
be drawn out as an extension of two-dimensional separation. If we
assume a two-dimensional straight aircraft wing having on it a
separation line parallel to the forward edge, when the forward edge of
the wing is swept back, tne two-dimensional separation line then
becomes Maskell's three-dimensional separation line. It is equivalent
to two-dimensional separation with the addition of a component for the
direction of development (Fig. 5).
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Maskell's separation model finds important application in
research on three-dimersional separation. In recent decades it has
been extensively quoted by people. In oii flow spectrum analysis, he
presented methods for determining lines of separation on object
surfaces as well as auxilliary lines. Moreover, he was able to
connect the flow configurations for object surfaces to the flow
configurations in the air.

2. The Lighthill and Peake-Tobak model. After the 1960's, people
became more and more interested in the flow configurations for
aircraft at large windward angles. At such times, leeward surfaces
often show the appearance of very complicated separation flows,
including vortical flow forms and point vortices. According to
Maskell's model, there was no way to solve for these. Because of
this, these types of point vortices were often seen as o0il vortices
and were considered to be phenomena produced by oil flows.
Observations of air flow configurations demonstrate that point
vortices on the surfaces of objects{also a type of separation
structure point) are start points for simple root filame»t vortices,
and are often the start points for the vortical cores of
three~-dimensional separation vortices (Fig. 6).

In the Maskell model, extreme limit flow lines form peak points
at points of separation. At one point, there are, simultaneously, two
upward flow lines crossing. Moreover, the lines of separation cut
each other. Lighthill [2) demonstrated that, in the vicinity of lines
of separation, it is not possible for extreme limit flow lines to
mutually intersect separation lines-that they lift off the surface of

objects in front of the lines of separation. Because of this, such
people as Lighthill and Peake-Tobak did not use extreme limit flow

lines to define and analyze the flow characteristics in the vicinity
of three~-dimensional separation lines. They made use of shear stress
lines to make their definitions and analysis. They recognize that
shear stress lines exist everywhere on the surface of objects and that
shear stress fields on the surface of objects are continuous vector
quantity fields. The extreme limit flow line equation is

e e e e b e et 1 S R el
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lim dy/dx=uv/u

>0

(2)

When
the object

, from non-glide conditions on the surface of
, Y=0 and L'Hopital's law

ayra=(3)., /(0 ).,

au
az
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. 1”= p, — .
From half ton formulas‘”‘"( )po' (a:)rh

Therefore, equation (3) can be written as

dy/dx==x,/<, (4)

The shear stress line equation (4) and the extreme flow line equation
(3) correspond completely. In the vicinity of lines of separation,

extreme limit flow line equations do not represent actual flow lines.
They simply represent their projections (this point will be discussed
later.)

separation.

Because of this, Lighthill only uses equation (4) to discuss

6 7 Lighthill

Fig. 6 Point Vortices on the Surface of Objects 1. Point Vortex
Fig. 7 Lighthill Separation Model 2.

Limit Flow Line 4. Object Surface

Shear Stress Line 3. Extreme
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Starting fror the point of view of a topological analysis of
p>ints 3f singularity, Lightnill and Peake-Tobak recognize that ines
5f separation ar- basically shear stress lines. The starting points
for lines of separation are saddle points, and their end points are
the end points of the separation. On the two sides of the separation
line, the shear stress lines take the separation line as their
asvrptote leading to convergence . They finally flow together at tne
end point of the separation (Fig. 7.

3. The debate concerning the definition of separation lines. The
debate over whether lines of separation are asymptotes or envelopes is
still continuing up to the present. Because of the fact that, in such
experiments as those involving oil flowg, the resolution in the
vicinity of the separation lines is limited, it cannot be determined
whether they are asymptotic or tney cross Mathematically, it is at
present nu*t possible to directly solve the N-S equztions involved in
three-dimensional separation problems. Inside China, Zhang
Hznxin~-basing himself on a certain separation model-maintains that, as
far as boundary layer ejuations are concerned, separation lines are an
envelope, but, in terms of N-S equations, separation lines are
asymptotes. Moreover, he recognizes that, on a cross section
perpendicular tn the separation lines, cross section flow lines, at
points of intersection between separation lines and cross sections,
should be saddle points. Ther=fore, he takes two-dimensional criteris
concerning separation and uses them on three-dimensional separation
flows [6].

II. A Discussion of 3inguliarity Point Characteristics on Trossz

Sections Perpendicular to Three-Dimensional Separation Line#s

The models of people like Lighthill and the Mask=l. mode. are

different. They maintain that the extreme 1imit flow lines Curi ug
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Berauss of tnis

m=h'nr, /2 =const

hec( ;.{:-)”'. veb/p (10)

- bmee B

When 2pproz:ching separaticn lines, '-;35 h -oo, . Because of
vicinity of three-dimensional separation lines, the flow
> lines inside flow tubes must turn up. This includes extreme limit
flaxw 1ines,
N Tne proof described above explains that the raising of flow tubes
in tne vi~cinity of separation lines i1s correct. However, it
h4*+ the separating of extreme 1imit flow lires from the
objects is not certain. If it follows the movement upward,
tr=r. its 1ower surface must also have flow lines. This is
cantrallctory to the 4-finition of extreme 1imit flow lines. Because
of ewla, extrems lixit flow lines will not leave the surface of the

ob+ect. _° if 3nly at tne 1ozation of points of singularity that

IS

ax*r-m~ L.i1i% fiow iines flow togetner. After tnat, they separate

)
3
(W83
H
4
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1
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surf+4 e of tue object at a given anglie. Fig. 14 presents the
Jro=xtrems 1izmlt fiow lince separation frox the surface of
St et o in tne ¥Musgell, Lignthill models as wel. as for the model
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Yoo, '4 lL.ustrar,ne of the Alignment of Extr-m- Limi*® Flow Lines In
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4. A discussion concerning upward flow line singularity points
perpendicular to separation line cross sections. Due to the fact that
separation planes are formed from flow lines which come out from
points of singularity whieh are nodal points that appear on cross
szctions perpendicular to separation lines, when they intersect cross
sections (sections above the surface of objects) perpendicular to
separation lines, it forms a break line (the os 1line in Fig. 12(b)).
Due to the fact that extreme limit flow lines, on lines of

- separation, 4o not turn up again, on cross sections perpendicular to
separation lines, they form respectively straight lines from the two

- sides pointing toward intersection points, for example, 4 and g,
in Fig. 12{b), which give rise to the appearance of half saddle

pcints.,

III. Conditions Which Should Be Satisfied in the Vicinity of

Separation Lines

We have already explained that separation lines are both surface
shear lines and extreme limit flow lines. If we take the separation
line as the Y axis with the ¥ axis perpendicular to the separation
line (separztion line coordinate system), the corresponding shear 334

Tos Tao . On the separation lines, Tt,%0,1, =0,

force components =zre
Along the «x direction, the shear force component 'r, changes
sign in the vicinity of separation 1lines. Because of this, a1, /ax<L 0,

It follows from this that

Te=0, o1,/0x< 0 (11)

This is a necessary condition for three-dimensional separation.

Cd
- However, the condition described above d4oes not consider the influence
}5 of changes in shear stresses along the direction of lines of
>
Y
{ -

separation.
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%Z Consider for a mom2nt the situation of normal velocity ‘w in the
j' vicinity of separation lines. 1In order to do this, let us take a
) certain point £, on » separation line. Let us also take a point R,
fﬁ which is at a distance A? from the separation line. For convenience
‘.. sake let us choose point P, as the origin point. Then, the normal

’

':,! velocity at point R can be represented as

;" ow 1 [ o*w

] w’-w"*'(‘az*) Z + ~2—(F),Az"+ see

- r (12)

)

W From the continuity equation

2y

o KB that is 2w _(a w

- ox 9y oz ()

N (13)
' 4

N
‘-l

N
o On wall surfaces we have
o ) _f e )

‘ wy o'(ax_)-_(ay )P=0
"\
'ty

*
[hs
R -
> Because of this (ow/az)r=~[(3u/ox)r+(30/2y)s]= 0
D
» Due to this (*w/a22),= —((3%u/3zax),+ (3*0/0vaz),)
:-, 1

)

o Therefore Wrm = —- ((d's/020x)s+ (*0/0ya2))A2* (14)
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Q It is required that, at the time of separation, ‘w>0, . Because

. of this, it is required that

f"

o (9'8/320%)s+ (3%0/31v32),< 0

g (15)

4&

e

K ; That is, for each point on the separation line, one should have

Wl

.

o

(av./ax)+(37,/0y)< 0

o (16)

k..‘»

W One can see from this that, in the vicinity of three-dimensional

o separation lines, the conditions which should be satisfied are

E»

1.‘!.

: h - & ‘Tl s

R S R T (17)

i

%

r. Reference [6], in solving for saddle points on cross sections, makes
use of the condition w,> 0 . However, it does not take

§

’ﬁd equation (16) and substitute into it the conditions which should be

" satisfied for three-dimensional separation. Below, we discuss the
'|,_ necessity of satisfying the condition (at./ox) +(o7,/0y)< 0
‘I As far as closed type separation is concerned, that is, the

; situation in which the point of origination is a saddle point and the

A§’ end point is the separation nodal point, we still select a separation

T line coordinate system. Moreover, we assume that A, B,

i respectively are the initial and final points of singularity (Fig.

33 . 15). 1If there is a flrw line through A, B , and the direction of

w?f that flow line is from 4 to B., then, on this flow line, changes in

Q? . the rules for T, T, #t/dy for various points should be as shown

f ‘ in Fig. 15. The line of separation is just this type of flow line.

’; As far as 97,/8y>>0 js concerned, this section must quarantee (2T..8%)+(37,/0v)<0 ,
o It is then required that 9%./ex<-—o1,/oy,

That is, it is not simply required that ev./ex<o,
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Fig. 15 Distribution of % Along Separation Line

Conclusion

As far as research on the criteria for three-dimensional
separation goes, there is still a good deal of work that needs to be
done. For example, the origination point for open form separation and
its criteria. ZEven if one is dealing with closed form separation, the
sufficient conditions for it have not yet been obtained. Following
along with the development of calculations and experimental
techniques, it is necessary to reach a deeper understanding among
people of the phenomena produced by three-dimensional separation.

The various points of view in this article were discussed with
such comrades as Zhang Hanxin and Wu Jiezhi, from which we obtained

not a little instruction and profit. For this we express our thanks.
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j STUDY OF THE SEPARATION CRITERION FOR STEADY

. 3-DIMENSIONAL VISCOUS FLOWS

Lu Zhiyong, Deng Xueying and Liu Mouji
(Beijing Institute of Aeronautics and Astronastics)

2 Abstract

. In the case of steady,2-dimensional separation, separation point is of
o2 a critical type. The limiting streamlines on the wall from both sides of the
b . separation point run into the point and then depart away from the surface

: of the body with a certain angle. According to the definition of a critical
~ point and the condition that the normal velocity closed to the separation
:; point is non-zero, the separation criterion for steady,2-dimensional flows
[’ can be deduced as follows; The friction stress at the separation point

: vanishes and There is a reversed flow after the separation.In the case of
r,

steady 3-dimensional separation,there is a separation line which starts at
a saddle point and ends at a separated nodal point,as well as a separation
sheet which consists of streamlines originating from a critical point. This
critical point can be viewed as a saddle point topographically on the wall,
or as an attached nodal point in the section containing the separation
line and perpendicular to the wall. Based on the theory of singularities
and topological rule, there may exist a half saddle point in the section
cut normally to the wall and separation line. As a result, it can be argued
that the argument about the limiting streamlines must rise before approa-
ching separation line, due to Lighthill, is incorrect. This paper shows
that the limiting streamlines along the wall always coincide with the
corresponding friction lines. Limiting streamlines are attached to the
wall until the separated codal point or saddle point where they lift off
the wall. Finally, the paper also presents the separation criterion for steady
d-dimensional flows which is different from that for 2-dimensional flows.
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§$$ DETERMINATION OF OPTINMAL POSITION OF ACTUATORS 340
R FOR FLEXIBLE PLIGHT VEHICLES

%ﬁo Yuan Jianping and Chen Shilu

o (Northwestern Polytechnical University)
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SUMMARY This article does research on the determination of
optimal positions for control mechanisms in flexible aircraft. In
control systems which have rate of speed feedback, the control
function has been seen as an equivalent damping, and we hauve derived
the criteria for optimal positions of tne rudaer face as determined by
aerodynamic elasticity effects. We have also presented formulas for
adjusting the relationships between the position of rudder surfaces
and the position of gyroscopes. Practical examples are appended for
empirical demonstration.

I. Introduction

Control mechanisms refer to control surfaces or oscillating
engines. They can be abstractly conceived of as components producing
concentrated forces or moments of force. The effects of control
mechanisas are an important source of disturbance for the elastic
vibration produced in aircraft. It can give rise to curvature or
twisting vibration of aircraft structures. Therefore, it changes the

e

PRIN

size and distribution of aerodynamic forces in aircraft. It alters

G L,

the efficiency of control surfaces and influences the control systems

v
‘l’"
R A

.
0

of aircraft. Differing installations of control mechanisms will

ry
i
]

produce differing results in the excitation of vibrations as far as
elastic vibration movements are concerned. Because of this, the
selection of optimum positions for control mechanisms has practical
signitficance.

The purposes of making the positions of control mechanisms
optimal are to be able, for general requirements, to reliablly
control aircraft movements and restrain elastic vibration. Such
people as Gevarter [1l] and Chen Shilu [2] did research on the
influence of control mechanism positions and sensor positions on the
stability of flexible aircraft. They made use of transmission
functions and zero-polar methods respectively and discussed the

conditions which should be satisfied by the locations of control
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f m=cnanisms and sensors. As a4 type Of drive 2ontro. Lelnod, Sl

;ﬁ people as Arb=l [3] and 3cnuitz [4) pres-ntad an sppropriste =o.- . .

) of location for control mechanisms in order tc cause fesdture syotens

x; to give rise %o increases in flexibile structure darping efFc 0o o

5} to facilitate the production by limited control of maximur restrain g

K*! effects on elastic vibrations. However, all 2f th-o were dep-na-n® on

ll numerical value calculations. They wer= not able to Ofer anz.y:. ..

W relationships. This article, basing itself on tne pusic concelpt oI

”a tne laws of aerodynamic energy, on the foundation 01 tne wor«

lk menti~ned above, discusses a step furtner tae gquestion of tue
optimization of the location of elasti: aircraft control mecrn:niswo.

o In systems having velocity feedback, we derived two practical ini-=x

fﬁ; functions and a simple relationship showing the adjustment positisnins

n of rudder surfaces zand gyros-copes. Moreover, it carries out

{j- empirical demonstrations using practical examples.

;»Z::

u:ﬁ II. Optimum Position of Rudder 3urfuces

o This article considers the optimux position for ruider saurfuces

:: in control systems with velocity feedback. The eguation describing

,3/ the elastic vibrzation of aircraft, the measurement equation, and tre

~ control law are

P d+Dya+K.q=BU+Q

_'_:. Z,=H, 1

e U=-G2Z,

23

.:‘ t

j;j In these, ¢ 1is the generalized coordinate for elas*ic vibration. n

s is a dimensional vector quantity. D, is an nXxn generalized,

$5 natural damping matrix. k, 1c an axn) generaliz-d rigidity matrix. Q =

Qb is an uncontrolled, generzlized force. ntg -5 a dimension vector. Z,

&4 is the output vector for the r dimensional sensor. U is

b the ™. dimensional control vector. G 1is an mxr. feedback matrix.
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0N (L) expr-sses ti- valus of a vibraticr mode derivative of
Lon: srder 0wt toe lo2atilr f, of the numcer J-senscr. [, cXpresses tne
gy . . . : .- . . . .
4 3.4 €orce producel in crder 1 vibratlon whern tne- J-tn control
; ; zurfacs a3 3 unit jeflection. Let us assume tnat N, i3 the
<. : : . ; :
‘ig coordinate along tre verti~al axis of tne gth control surface
~ prezsir— ~=nver and that P, and Pn are respectively the
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f .. - . .
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> M Aari om, 4re Tespect it Ty the mase 0f the aircraft and the

ﬁﬁ generalized mazs. £y, l¢ tre acrudynawic derivative for the J- of the
'q' s . 3 . . k3 .

W corntrol surfurz., Wiwr handling the dispersion integrntions described
A
] . . . . .

Wy above, 1f *re ruric Yerween tne effective rudder surface arez and the

" chzraz*=risti2 surfece grea of the aircraft is very swull, then it
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For ouzny artltrary va.u-: 7 Ev My, e v
T
B,GH, -——-(BGH +HIG'B))+-,- (B,GH,-H{(’B})
In tv- egu=*ticrn sbtaove, trs fires* s vicon of e rignt rany o101 10
synaetricnl., It io trne feedtncr coefliciont wiion Cuucer o oyo”
TS NaVe al ehelegy eXCLalegd woll lhe enVIiPOLwelT. 171 cun Lo whlsTatood
ag the dissipation sectivn. Tre Scouhd Secilliol .o acydhziloul. 20
causes the sys*tez nct 10 havVe an encrgy eXchulge wWi'li the -0 Tonne-rn®.

It can be und-rstocd ug the inertial section .or gyro ARSPRCA

c
aucge of tre fact that for sany arbistrary value of jq, . "¢ Juadrat:

Fec
form (8GH,—HG'B])q, 1is always zero, in terms of its
physical meaning, the sum of tr¢ work done bty Ioree (B,GH,—-HIGB])q
in any infinitely small real displacemer d@, 123 zelPli. Lo ug £uy
trzt
T
D‘-B,G}il"’(BlGHl) )
v\5/
- . 1 Do - . . ,
Then, we can recognize that —— U0 iz the eguivulent darpings force
controling elustic vibration in tne syster.. In order to have the
greatest restr iring effect on elastic vibration in the systiesm, we
suggsst tr ti.e index of selection for the position of the ruuader
e . . ty . .
surfacs M ¢< such as to make .[-Jl‘(((,)gn(,)]w
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Inoirder 10 maARe desiripliin CInVenloll, Lot ouwl ufoaoe tonet
syotsm o raz ons velolity gyrosoops al copaer oo rudder surda -,
w:11 only conzider third order v o lon forne. Feomuse oF 0
is & scalar gquantity. We- us= di, 0 rejrecent tne elsu-nts 07 0,
Prom formulw [2) to form.l 3, we navs

dl! d!! dss
é,(M$i(L) S (L) , (ML)
N m, m,
PPN IR X DLHE DI AQ RLAR DI ¢..L13n¢,<,a_)_
m, m, ?
b (M)dy(t) $ (M) L) _¢:(_n)@_&)_+_¢i'\_)d>;(t_z_
7 ) m, o m, my m,
& (M4(E) | &(M)di(k)
m, mg
b (M)da(k) ¢, (M)éi(E)
m, m,
g H(MH(E)
m, )

us=ful conclusions

D-,= o .

1. For any arbi r-~v values of '¢, n, , we hLave
t

e
Feczuse of this, O -+ least hus a zero characteristic ro--.

‘characteristic roots. When considered as a damping fore-, D, ,

certain circumstances, creates a damping effect, and, in otner

determined by the ratio relationships betw=en the thre« roots.
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According to the nzture o7 DO,. it ‘¢ possible to druw o few

. . o D . dll dl!
2. The se~ord degr-= fundamental fo-" o! o I8 =(d, dyy—
1€ ‘dydyy—d,DXx0, , then, matrix D, i d, d,
useful, It has one each positive, zero, and negatliv-

in

circumstznces, creates an accelerating effect. The overall effect is
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ik iab sl aab dod oo '-'.—‘V“"'*'*"'Hﬂwv‘vm

ol ey L, ® L - rullized coordinate for undisturbed
.y i.-gii.i-(iﬁf“iﬁn W 1= the kKinetic eNnergy ¢ the
e ®,ox, . Q v g-rerelisal foree, When we consider the

SUFARGIS o SRR RN o’ il.i, We Tregnactivaly gce (xl+‘l) amA (xl+‘l)

*- retlwc- & ard zxoin forvuls (9. Witk just a little rearranzing,

£ v car hesome
L]
2 (@)%, +Byx+Yyx))my, i=1, 2, = # (10)
1=
i
InotnieE, a,=a,, + ¥ Ut tnoorin-.inearity terms for x; un ts |

b= —5=(Bu+Bu)y pu=—5=(Bu=Bu)s

1
CII-T(Y:I+YII)’ CU-—;‘(Y;;—YH).

Tawe the n oequntiorna contzinsd in formula (10) and write thew in

AX=~BX-CX-EX-PX+Y
(11)

A=(a;,) iz the peneralized mass matrix, symwetrical, fixed

B=(b,) i the generalized dawping watrix, syuw=trical

C =(c,) is 2 gener=zlized conservaticn of force coefficient

natrix, symm-*irical
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E=(e;) 15 liv radial correction force mairix, asywuetricsal

P=(p.,) -~ the gyroscopic force watrix, asymmetricsxl

ntreoducing the Rayleigh dissipation function

Fa

l . .
2 X'BX

In this case, the drag force in formula (11) can be written as aF/aX,
Tedin-  an orthogonal transformation, we t=zke F =nd change it

into a2 square sum form

F“*;- 2 bex}

k

Tf  b>g, . tren, force b, causes the movement to reduce
speed. On the other hznd, if b<0, , then bexe causes the
Lod
movement to increzse speed. Therefore, the force derived frouw F

may be of a dissipating form. It is zlso possible for it to be of arn 744
accelerating form. If .ﬁﬂ>°» , then, one can say that, in the
system as a whole, the dissipating forces are in a dominant position
over the accelerating forces.
On the basis of the Lvanunov theorem, it is possible to know
that, if acceleration forces are dominant over dissipating forces,
then, the system described in formula (10) is unstable. If the
determinant form Yyl<o, , then, the aerodynamic system in
formula {(10) is also always unstable. These two points respectively

provide basic principles for our selection of velocity feedback and

displacement feedback in control systems.
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%i’ Recause of the f=ct that orthogon-1 transformations meint=in
3:":‘ matrices invarizble, thst is, Zb._xi’m , it follows theat

N there is no need to takes B .ni ‘V*nge 1t into a diagonal matrix. Wwe
‘;Q define & new function index
o
: ::’ J =tr.(B) (12)
1\
% In this, tr, expresses the matrix truacc (trace). ., in order to cause
‘Q. the syster to nave maximum drag effects on di=sturting wovewents, the
}k- . selection of systew paraweters should cause J 10 DeCouwc eXtreumely
A . large. Wihen only considering gyrosconz position and rudder surface
g position, it is possible to use D, as defined by formula (5) to
A replace B, . “ormula (12). MNoreover, in the simple situation

ia' reprezented by formulsz (5)', it is possible to write the obvious form:
("

s N
.: -'%l_ é, (")

- I ==)GUHCE) $5(8) $3EN | - $:(M) (120
o L e(m
Si
L
:; III. Actuzl Examples of Research
)
i} This section discusses elevator position on a certain type of
éis aircraft. It is necessary to stress tne fact that changes in ruader
poY position have very great effects on the rigid control capebilitis- of
&9 aircrazft. Dbecause of this, the selection range for the paraweter W is
n;;: extremely limited. Dicreover, after selecting it, 1t 1s necessary to
ii? ! correct the changes in rigid asrodynamic parameters in order to
o, !- guarantee their being within permissible ranges.

! 'g We already know 'hat the relevant data for this aircraft are:
;égl Gyroscope position &=5.457; ruid-r s.rf-ce positicu n=£.54m.
\j; Vibration form é(M)=0.341, é,(N)==0.032, ¢ (N )=—0.282,
::f Vibration form derivatives [(E)m—0.36, (L )=0.07, &J(L)=0.25,

Generalizad mass m=14.32, my=~6.98, m,=8. 48,
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1. If we give " & sorewhat different value, and tihe other d=zt=
use current values for the aircraft, under conditions satisfying
egqu=2tion (1), we c=slew” *: the indices for formula (6). The result:
are stown in curve A. in Fig. 1. It is possible tc . = tr- i, whern T
is in the range 6.4-6.8%5, all are possible. When "=¢.5 J reaches ar

extremely large value. The results of calculations demonstrate thsat,

-~ 5

wnen tne rudder surfzces lie close to head section or tail section,
the system diffuses. This explains the control system's continuous

introduction of en-rgy to the elastic movements.

0.3

0.2
WLA 1 4 |

|
!
[
1
I
I
1

1 1
0 " 6.36.4 6.56.66.76.86.97.0 n

=

Fig. 1 Curves for Values of I for Changes in " C=zlculated According

to Different Indices

2. On the basis of tormula (7), when we already know the 345
generzlized mass and gyroscope position, the optimum position for the
rudder surface is a2t the location where the vibration form should
satisfy

$.(M)/$,(n)=—10.55

We can find from the experimentally determined curves for (M),

that there are thres value= of W wilch satisfy the formula above:
1.08; 4.16; €.458. w = 1.00 is not permitted by rigid body control
capabiliter. 'm = 4.16 does not satisfy foruul- (8). We eliminate
these two roots. The results for M = 6.48 are in the ranges obtained

in Fig. 1. Moreover, there is only a difference of 0.06 from current

values. This method is simpler and more effective.




3. We make calculations from tue index (12) formul=z. Niven 7
screwhzt different value for W , and using the values =lre-i- given
for m, & (8) | the rosults are 5 seen in curve B. in Fig. 1.
A* the place where n = 5.4~, j reaches 1ts maximur vaiue. Tris is

th2 same =28 the result from formula (7). Besides this, at the place
where M. = 6.54, one sees the appearance of a secondary maximum value.
This agrees with the current values for this aircraft very well. 1In
calculations other than these, there is no need to integrate the
movement equztions. To say it another way, the index (12) forwula
only depends on aircraft structural characteristics ( mass
distribution, vibration forms, and vibration form derivatives.)
Attention should be paid to the existence of a difference between
the results obtained on the basis of the principle of formula (6) and
those obtained from formula (12). The reason for this is that the
calculations from the index (6) formula include a numerical value
integration of equation set (1). 1In it, there is necessarily a
czlculation error. However, it is the first type of method, as
compzred to the other two types of methods, which requires the use of

brozd rznges of values.

The calculations above show that, starting from the restraining

of elastic vibrations, the optimum rudder surface position should be

<+

at a distance 6.48 m from the head section. This position is moved
forward 0.06 m from the design position in the original rigid body
model. This will cause the control moment of force parameter and the
drag moment of force parameter to go down respectively by 4% and 1.5k.

Other dynamic parameters show no obvious changes.

IV. Conclusion

This article makes use of the concept of aerodynamic energy. It
takes the effects of velocity feedback and sees them as equivalent to
drag. We have derived the principles for optimum rudder surface
locations with a view to restraining elastic vibrations. Index (6]
formuls and index (12) formula are appropriate for general use in
velocity fe~dback control systems. In the simple situations which
this article researches, formulas (7) and (8) c2n give simple and

convenient results. Examples of practicsal researcn prove the
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egg conclusions above. W2 obtnined matching results from all three
3 »
ot methods. WNoreover, we dcwonstrated thxt the current rudder surface
_ positions for aircruft being studied are secondary optimums.
.
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Py - DETERMINATION OF OPTIMAL POSITION OF ACTUATORS

: FOR FLEXIBLE FLIGHT VEHICLES

e Yuan Jianping and Chen Shilu

505 (Northwestern Pol ytechnical University)

A Abstract
.,._—_ Since the action of actuators on flexible flight vehicles is an impor-
- tant exciting source to elastic vibration, it is of practical significance
o to choose appropriate positions for actuators as well as for sensors. We
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shall in this paper study optimal positions of rate gyros ard elevators
that are modelled as lumped operating elements’
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; Through the feedback control,a term (B,GH,)qd is introduced to the
‘i system to count for the damping force, where B, is a conirol matrix, rely-
ing on the actuator locations, and H, is a measurment matrix depending
[ on the gyro locations. An effective damping matrix D, is defined in (5),
A ~ i -
Ny and then Rayleigh’s dissipation function can be obtained as F=—;~q' 4.
»
::: In order to make the system having most damping effect to vibration,
o . the actuators and sensors are so positioned that the effective damping
o force (9F/24) could be maximized.
:. Because of its real symmetry, D, can always be diagonalized. In accor-
" .‘ ~ .
- dance, suppose that F =—;_— 2 bea}. I, 5,>0, the elastic motion will
) - k
N )
- be decelerated by force bidr, if 6r<{ 0, the motion will be decelerated by
‘ force beds, if 62<< 0, the motion will be accelerated. That is, the forces
derived from F may be either dissipating or accelerating.Whean:>0.
V. k
| it is thought that the dissipating force is leading to the accelerating one.
. Since the trace of a matrix will not be changed by a normal transfor-
o mation, we have an=tr. D.. Then a new performance index is defined
- ;
:*:j by (12). The problem under consideration is to determine the positions of
'_C_ actuators and sensors so that index (12) is maximized.
- In general, the same results can be obtained from Lagrange’s dynamic
’ equations.
._, A simple condition has been studied. Through analysis, we have derived
::-: a set of simple and practical formulae (7) and (8) that give the
5 very positions at which the effective damping force is always dissipating.
o By applying formulae (7) and (8 ) to a given missile, it is shown that
. the present position of the elevator is suboptimal and is 0.06m away from
< the optimal position,
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NUMFRICAT SIVULATION OF A FLEXIBLE AIRCRAFT 347

ts\V TAXING-0FF AND LAWDING ON UNEVEN RUNWAY

. Rui Yuting

(Reijing Institute of Aeronautics =znd Astronazutics)
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QUNVARY This article does research on the use of Kune egu-t.omns

ot
o]

set ur a method of dynamic equations for flexible =zircrult sy t-.o

including landing gear structures. It presents two typs:z of mii-l:z
for the calculation of runway surfaces. After this, 1t digscuss=s =
nunericael simulat’-n method for the attitude, speed, accel
dynamic lozding ot flexible aircraft during the process of
and landing. It does calculztions of the effects on = r
dynazmics of the inertial forces and inertial momentis o 0
the major components of take-off and landing gear. To m
exarple, this article simulates the symmetrical take-off and landing

£ the KC--135 aircraft.

I. Introduction

When flexible zircraft are takxing off and landing ¢cn un-=ver
runwavs, their attitude, speed, accelerztion, znd dyn=z=ric lonaing =ar-

tre m=in perameters for the dezign of landing ge=r, c=lcoulwtlic:n oI

1ict, =and =ircreft capsbhilities. TKormally, thesce puraz-silers zre
c rements and high specd paotosrapoy. -

t<zinsd through on-site zZe=s
r

e rigr, and e time iode involved zare

th
thnie, *he use of computer: to do = completely rewlletlc onar rloud

sizmulerion in order t0 ortain tnescs paluiclzTle 2o = FFol.cl woOTrtly
r-searcn.ng. 1=%,

T ruterical sinulwticon of airorelt thre~offo oang Llunains
pricarlly reets with tre following thres types of protiems: 1,
zecranliesl nodel and dynamic eguaticns for alreraft tuake—=olD sl
landing sy-*emoy 2, = zuizuiztion zodel for the gurfuze of runwwy.o;

7 fores ot exyprecs tre effccis of tne ground surfaee onotire forves
anl wercdyrnanizc Lo el
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R I7. A Netnod for Tetting Up Dynzmic Egquations in Aircraft Systeas
S Janceraing syst=as cowposed of point wasses and holonowic or
AR
oy . . oo . , . .
o first order non-holonomic multiple rigid bodies, T.R. Kane mzintains
oty § ce . . .
Uy thet it is uscless to solve dynzmic functions. They do not have
.ﬁ.‘ Tul*irtl~=z, and, there is no need to consider the Kane formulsa for
e . .
" r-o27ivze restraints 14-5)
1)
"
o .
N Fi+F;=0 i=1, 2, «y [ —m (1)
e
b F, i3 the g-nerzlized motive force for the systemw. F? is the
ai g-roralic-4 Inertiul force for the systew. [ is the generalized
> ~ordinets nuzt:sr. m 135 the non-holonomic restraeint. The method of
a .
NN solvirg for F, and pe under different circumstances can be seen in
& L]
FAR R
o referencss [4.5],
.-‘
.':'
i-~.
~
N
)
>
1o
P
N4
:3 ‘ Fle. ' Toordinet~ Tyecten and Zlastic Maln Body 1. Reference Fody
o
gy
e~ -
N
= .
o
- Taree alrora©t ) while taking off, lunding, or taxiing on thr
.
i .
o RERE S SRS A oy ier-4 gabstractly = main bodies and are elustic
rods, malt T te vudy cyetens. Eluntic fuselnge and wings are the
S jror iyl o . Tre l2ndine gear components, wailerons, and sc¢ on,
-\. * ‘ N
‘2: ure riald todiv auxilliary componenta.  Through generalized hinges,
A
.\A . 3
a7 trey ure cornrected to the main body. One can see the main body ax
- b nvy tne ~satinstiorn of an infinite number of point masses. The Kane

P, A
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$, equation c4n be aprlied to this type of multibody systeu.

ﬁﬁ' As is shown in Fig. 1, if we select the Tisserand referen. -

’ system g to be the floating coordinate system for the main todles, &, e 2
g*. are trree basic vectors for it. The position vector for a

q;;’ roint p on the main body in the inertial coordinate systew

l ig €@, &, &)

kD « R=Fot7, +7 (2)
Jns

i’j In this equation, 7, is the position vecter for the instantaneous

ﬁb? center ¢f mass of tne main body. r, is the position vector for =

g point corresponding to a point ¥ on the refercnce body. P is tic

f¢s elasti~ displacement of point P .

;jh_ Tre velocity and acceleration for point P are

o -

: 5‘:' Remi, +ox(F4T) 417 (3)
E* Rami, 4oxFHOX(BXT)H2OXT+T

,
>
P
o~
S

2
(4]

] & *he angular velocity of tu- reference body. Fmr, T, 2

. Y .'. . 3\ . . .
- el 2 r-ir=aent respectively the first ana second order derivatives
o o4 - e

S ott. relntive cOCrdinate systen € versus tiwe. 11 we adouwer that

.\ I?}f

. t gt TullEed eoordinats of tne gycoten i Qs Qu vy Qi , =#na
> . - . . . -
4 tre Vvelovities 86t up for the systen defincd are 8, N, oy W
ol Y
B --J
W, .
o
t._ l

% 3
e - -
o 7o = Z e.n,
J.‘q, (=1
W, 6
L
~ _ -
o~ \ 0= Z é..u,
- f \
~ v (5
- L]
e . )
J'_'- = ] .v.r
’-; v = 1
T
a2
I'c"!
+
A
1)
3
...'0
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(n, s, o) = 404, @ @)+ A )

n tnis equ=tior, & is the elzstic modulus for *he m=ir tedy (loo-ine
“t that in a convenien® way, the subscoripte § “rom 7 to®, =r- ot ug ‘
<

-
s Y DA TR W - -~ -~ 2 - S - Pl L
noguzsh 5 way that & corresyonds to the firli- corior oelac ol

m

modulus:. A i3 an Ix1 order non-singular matrix. Tne elemerni:c of
thig and the | order line matrix 4, are functions of tue genernlice:
coordinute versua time. Frow cyuztions (3) and (5,, we gc. the
rartizl velocities for point P
49
e; i=1, 2, 3
- €l XxT i=4, 5, 6
V™ 4 i=7, 8, -, n (7)
0 i=n+1, 8+2, «, |

From the equation(FD==—J},Vu°ﬁ*t i1s possible to derive
the contribution made by the elastic mzin body to the generalized

inertial force as being

—m.l“‘ i=- l' 2. 3
s
(F'-)=< - '2‘(35-1'?';;-:)'.‘1*‘,7 i=4, 5, 6
[ i = 5
Lo
—ﬁll.ll""/: i=7, 8, =y W $O

0 i""'lv"'v

In this equstion, myic ths mars of the main tody. I 10 . 00-
tensor of the main body. M is the general . o-% weo of Cra-r

The non-linear quantity ff includes quar+sitics eorrd Crad-r wrs

higrner for the eluzs*ic displacement & wund tres ancuiar ve. .. @
of tre main body. When we are talging about aircra®: irn 0

taking off and landing, it is possible to know the subtjuu=nt:*.-. @

and & . If we ignore the nigner order gquantit.es, thern,
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;::::s: fi=0, i=4, 5, = Fo

SR

'y

AN . v.,-dF 1 . .

.::‘,':: Frow eguation (F')-JV VudF i=1, 2, = I, P A

;""‘ . . . . . .

S possible to derive the internal force contribution of thns elu:itic wzirn
body to the generalized motive force, which is

2>
LA
o
‘& .j

>
o P .

4 'r —ﬁiu’QI i=7, 8’ tty B ;s
(F))= (9)

. remainder
‘2".&:

-

s

v,

}: In tris equation, @& is the i th order generalized frequency for the
AL Y

el=stic m=in body.
". In this system, the contribution of all rigid body parts to the

&I
e generalized inertial force can be expressed &s
A
:'

‘ »
e Fum— 3 ni 2, 1
e J )= — Ny —x,; g =1 coe ’
" i/e & il i ’ ] ’ k1o)

A

‘I
! :J
A
i..'

n tals gquation, i #nd ® ure g=nerulized coordinates s g
}..‘-j function of the determined velocities and time.

*' N . N . - _— .

':-;‘ Or. the basis of the basic formula (F)=v.uF i=1, 2, «, 1,

.’3 we solve for z2ll external forces acting on the sy-icw and for the
" \ ‘ . K3 -

) contributicns 0of zll =sctive restraining forces in the systexr on tus
:' generalized motive force. We take that and equations (8), (9), and
SN

o . . . .

o 10} toge*rer and substitu*e them into ¥ane equations. We obtzin the

) ‘-

o dynarmicz equstion for the elastic body, multi-body system winich is the
L]

i muin body

)

:": M(u, uy -y ) =H CER

Ca \ ;
"

A
j In tris equ=t’ . M . Ix1l _. .-trical square mutrix. H . .1
Ol ) . .

25 crd-r line matrix. F®quation (6) and equztion (11) form - o

-‘:j:' order norn-linear differential equation systen.
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IT7T. A C=lculntion Fgu=ation for Ruaw y Curfsces
Cuse 11 In the case of sStiralght line tade-0iT: of aircrafi,

und surface take=-0ff Tuho, it 1s possitle L0 recognize

three landing gears of the aircraftv will mare

f
L
f+
b
-y
[¢2)
u
T O O

=
+
il

ar=zllel wovewments in verticul planes. Trnerefore, whern
the straignt line taxe-off and landing of wircrs”
mezsure, on the surfs=ce of th- rurwuy. 3 xm

’ 3’ j‘lg 2. "ty m.

s
T
'y N

o =t figure 2{a), 2a | ¢ 1g nearlv eanal
tznce between the twoe primary landing gear on tne left znd
ne aircraft. The lengtr. of b =rould be fixed with a view

T t
to tne wzve lengin of the ups and downs i tne runway. In reference
c

= (1), the selection ig b =6lcm, - We se! v, threc one dimensional
list functions *m M %04 by %, by j=1, 2, -, m, . 35¢
oX¢

we uss one din=rnsion=al, three poin. eguidisiunt 7 SpoLlntion Values
1ty s2lve for trhe boforte for pointe wt o diste o0 yxr, tnat i3,
h(x)i=1, 2, 3.

"

n',:

SO Rleo P A Telolerion Mode cr Funwnyve  b. Directior of Rurnw.y

Nl ke

.. 0. -, . .
( D . Focauce the ipitial ra<is - e, £ Lo
. ’ v opoesition for wircraft togee P00 L
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lardlingz 13 ranins T ATe LT dateral g redey e
e 3 : 13 y 1N d ! a7l P Ty -1t.“i‘,IA‘: Lo e s
o
3
o
.
v

o 7R

Y
Ll

RS I
o
=




deflection forces whos- morents have effects on wircr 20, in order ¢
detarnine the heignt of any given loc:vicn h(xy ¥) o e e
the height of = t5Xm —r:: voipy Ay i=1, 2, oy 8y j=1, 2, m,

As is shown in Fig. 2(b,, we set up =

two-dimensionz1l equidistant list function and use a two-dir=nzlon .

equidistant parabola-parabola interpolation to calculiatls h(x, Yo

IV. Ground Surface Forces and Aerodynamic Forces

Forces having effects on the tires can be anzlyzed intc
supporting forces along the vertical direction Fy, , frictior forces Fu’
and lateral forces Fs, , wnich act on tires when aircraft are
sliding through turns. Fr is determined through static pressure
characteristic curves for the tires. Fu 1is determined from the
integral motion equations for the rotation of the wheels of the air-

craft or from storage friction forces. Below, we discuss the solution
for the lzteral forces Fs

As is shown in Fig. 3, if we assume that the direction of the
aircraft's forward landing gezr wheels cannot be controlled, the
lateral force which affects the main wheel on the left and the laterzl
force which affects the main wheel on the right are equivalent. The
instantaneous rate of curvature radius for the track of the movement

2t = point (C' between the left main wheel and the right mein wheel is

- s (Ve +J-/l" )

=V, —Va 12)
a
Tu;
[
K
ru3
o
Fig. 3 Force Analysis for Aircraft Slide in Turns 1" Front 2 Lo

3) Right

...................
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In this equation Ve (left) ani Vs  (right) rerpresent respectively

the movement velo~ities of the 12ft and righ* m=irn wheels. Spezking

in generzl v::.us, the distsnce from ths .z..-r of m:=s .C¢ 1o tre
point C' must be much smaller tr.n P. . For example, in the
ROZISg 707 aircraft d =1.32m, In the BARING T733-94 & 733-94 aircr=. ', d =1.2;

Therefore. we can know thet the r-.e of curvature
radius for the center of mass .¢ 1is egqual to the rate of curvature
radius for point ¢’y. In a naturzl coordinate systew, the norumal

dynamics equation for the aircraft is

v .
m-a—-zF,-kQ—F,, sina

In this equation,m: is the mass of the sircraft. Ve is the velocity
o the center of mass of the sircraft. Q is the horizontel
component of the main zerodynamic force vector having an effect on the

aircreft. ¥rom this equation, we can solve for

1 V2
F":T(m\pc’ ~-Q+F, sina)

as an approximation calculation. In the interval of integration .U, t.,) ;%
we select Vele=Vcluis and substitute into equation
(13) to get  Fsy=Fso .

Aircraft, during the processes of take-off and landing, exhibit
very large changes in velocity and are affected by ground surface
forces which change from time to time. Because of this, aerodynzmic
lift forces should be calculated on the basis of abnormal aerodynauic
forces when aircraft are making any wmovements. However, the problems
involved in carrying out calculations for non-steady state aerodynamic
forces when aircraft are making arbitrary movements are extremely
complicated. This article, on the basis of references (3,7),

introduces calculations of aerodynazmic forces from steady state flow

and laminar strip theory.
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V. Simulation Methods

Let us consider the aircraft system composed of the elastic
fuselage, wings, forward landing gear and two main landing gear.
Assume that the wheelbarrow type landing gear is composed of thes mzirn
column By |, the plunger B,, , and the wheelbarrow or trolley frame By:
(three rigid bodies). See Fig. 4(a). Assume that the rocker arm tyge
landing gezr with vibration reduction devices on the outside of tre
main column is composed of the main column -3", the rocker arm B |
the exterior vibrastion reduction device tube By and the plunger B¢ .

See Fig. 4(b). Let us further assume that the rocker arm type
landing gear with vibration reduction devices inside the main coluun
is composed of the main column B, , the rocker arm B. and the
plunger B, . See Fig. 4(c). Aircraft on which the forward landing
gear are rocker arm type and the main landing gear are wheelbarrow or
trolley type or other types of aircraft are composed of different

cozbinsztiors ¢f the three basic types of lznding ge=zr described above.

7%

B, B,

(a) ) ©

Fig. 4 Hodels of Luanding Geur

Tre inertizl coordinz*e system € (¢, &, &) is fixe? on
£, - . .
the surface of the ground. Its tinree basic axs~s= rur respectively
2long *hz horizon*zl direction of the runway, the horlizont=al
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.
e direction perpendicular 1o the runway, and the vertical direction. We

. selzct the Tisserand axis system & (&, €, €) to be the

. r2ferenc2 axis system for measuring elastic deformztions in =ircraft.

.

f} Zts thres basic axes correspond respectively to the two perpendicular

) herizontel axes and the vertical axis of tre zircraft referer .-

. tody. L2t us assume thet x, Yo ? "s the origin poir: o

Ej; coordinzte systeu . In coordinate ¢ , Y, 8, @ sTe L=

3 three Xlaylov =n." 5. @ Qv sy @« gpe the peneralized

"_ coordinuatzs 2 » tl- symmetrical and asymmetrical modalities cof

\ aircre7tv. % is the travel path of the vibration reductior aevive on ‘
; the fcrw=rd landing gear. 1If one is deauling witn a whecil=ITiw L0

f trolley type lznding gear, then, the angle of rotativn of Farol o lve
! - i Biyls B, .- Corresponding tc whnzt was szid above, tne relt 1oin

ga~r qusn*ities 2r= & and Bun . The right main gear quanti ic. =rz S

. =r.d Bse . With selected velocities,

’ u, 1 ) x
? u, 1 y
L ' : 1 z
J _Se 0 1 ']
1 - GS, G, o 0
- COCv —Sv 0 A4
'j 1 4, (11“';
b ! . :

. ' . :

I. L] : - 1 Br /
.

In this equztion, Se=sin8, C,=cosp, S, =sin®, C,=cosT, o

. Obviously, e3uations (5) and (é) are sati:T.ed. Ww-un 9*:2 T
f in the eguz*ion above, the squzre mztrix A on i ri e

. side can be reversed.

3

y

2 64

TR P O Y SO R LR . . o . ,!i
¥ e e - 5 R TR - . . - . Y R - n* '\ . SR
A ATRIEGY, SN 4 ! » AR - N3 ST e .r\ﬁ\'g‘m NGRS




pTEpm————TTT T R R Rw Y hel et e i AR L A e Rl B Sad Ball ol Bal itol Yol Ral Bal Gob Sl Vb ol Sad sl Vob Gal o olt Sal eod Sl

On the Pasis of the previous discussion, we solve for tus
contritutions of =11 the rigid body components of the front 1 naing

iged inerti=l forc-.

cear 2nd the two mein landing z2-=r to the generul
we solve for the coniritutions to the generalized nctive force Ly
serodynamic forces, the ground surface forces affecting the tires, tn
gaz pressure forces inside the vibretion reduction devices, hydreuiic
drag forces and storage friction forces as well as trelliey gewl dTug
corresyonding to the drag forces of wain column reotation. If we

+

Ay
0]
47}
)

ime that the elastic deforumztion of the zwircra=ft and thue angu.=r

set=ll guantities, we 1grore thelr smail

[N

velocity ¢f the aircraft ar
n

3y
O
3

-
»

z

der components. Wwe consider theo structurzi drag of tre
), T

-t fuzelaze znd the wings, and, in equation {11 e rigrt side drug
":.", QA?LI’intiGS are (o, o0, 0, 0, 0, 0, Aqtiyy, Agllg 'y Aslias 0, "y 0)%
Winzlily, We 88T <he zircrafti systen dynznics eguutlan
M('.‘n "‘v ety "‘I)"H
Trovw ejqusticr (140, we gt
(i, ¥y, 2z, 6' ceraey éS)T-A"(ll, o, .......,)7
- ,

Tre equsztion set of (15) and (16, is simultaneously solved by

intzgration using a computer.

Tneide vibration reduction devices, ihere ure storags friction
forces F, i=1, 2, 3, . The subzcripts 1, 2, 2 resp-ctively
rerresent tne front landing gear, tne l1eft main landing gear, and ti-
rigrc mein landing gexr. Within the ares of integration (s 4.

Fu<(Fu)ua i=1, 2. 3

tr.en, the vibration reduction devices are locked in. At this tiwe, we
’

243 *he rectreining conditionsz
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Sl-‘i'ﬂ i=1, 2, 3 (\17)

. .
3 ==l Ui, =

—
—_

wn

N

inate the wH2i—1 ¢ equstion frowi the eguation set of
q q

=
[49]
47
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8
=
{7}
—~
N
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VI. BSample Calcul=tion

This article makes use of ATLSP (Airplane Take-off and Lunding

\

Simulation Program) simulation prograuwing to muke czlculations of the

)

rocess of symmetrical landings by KC-135 eircraft. Initi=zlly,

ko)

ircraft data was taken from reference {2]. Runwzy dats was tzken

H’;‘\J

ror reference [l]. All missing pzrameters such as landing ge=

9]
O
3

™

o)
~

D

nt mses 2nd moment of inertia =re supplied as =r-une=d valiues,
h ent of integration is tsken =s At = 0.001s, . The

reliability of the ATLZY

»
»
3

+

3
D
[N

inc

o
-3
(D

Lo}
-

ki

programing is suppcrted oy largs ancuarts o
empirical mezsurements and experimentation carried out witn
domestically produced aircraft. We carried out =z compzrison of thesc
with the czlculation results from the simulztion in order to verify
it.

Fig. 5 Aircraft Angle of Pitch 1. Stetionary Aircraft Configuration

W—
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ig. 6 Vertical Forces Infiuencing the Front Wane=1s and muln wrzels

i

—

. Jtationary Aircraft Load 2. Front Wheel 3. bhuin wie=ls

The aircraft assumes a landing speed of 71.6 m/s. It lunds .t =
descent speed of 1.8 m/s. 3 seconds after main wheel touchdown,
flight personnel pull the stick 5 degrees. Fig. 5 is the zircraft
itch angle-timwe curve. From this Fig we cuzn see that, 5 second:s

i
after the zircraft lands, it reaches the pitch angle for a stationary

aircract. After this, it oscillates in a decaying sine wave foru.
Pig. 6 is the load-time curve for the lozd affecting the front wheel
and main wheels. Fromw Fig. 6 we can see that, after the aircraft
first touches the ground, it bourices and leaves tne grouna. Tnen, iz
executes a second landing. The verticzl forces affecting the maln
wheels at the moment of impact are certainly not maximum. Fig. 7 it

(cm/s®)
5§00
- 500+
A A S 1 . -y
! 2 3 4 & [} 1)

Fig. 7 Verticul Acceleration at Point ¢’
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e NUMERICAL SIMULATION OF A FLEXIBLE AIRCRAFT

TAKING-OFF AND LANDING ON UNEVEN RUNWAY

"o Rui Yuting

(Beijing Institute of Aeronautics and Astronaunics)
Abstract

The method of using Kane's equation to develop the dynamic equati-
ons of a flexible aircraft system including landing gear mechanisms is in-
. vestigated in this paper. Two kinds of mathematical models of runway
surface are given. Then, the numerical simulation method is discussed for
simulating the attitude. velocities, accelerations and dynamic loads of a
flexible aircraft during take-off and landing, taktng into accounf of the
effect of inertial forces and moments of large landing gear parts on the
motion of the system. As a simple example, the symmetric take—of{ and
landing of KC-135 aircraft on the runway No.12 is simulated. lhe
pumerical results are omly for reference.
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